A combination of spectroscopic techniques including atomic force microscopy (AFM) and transmission electron microscopy (TEM), was used to analyze the effect of chemically distinct agrochemicals (pesticides, herbicides, and fungicides) on the in vitro misfolding and aggregation of a presynaptic intrinsically disordered protein α-synuclein. Despite their differences in chemical properties, almost all the compounds screened affected the α-synuclein fibrillation in a concentration-dependent manner. The morphology of the aggregated α-synuclein was characterized by AFM and TEM techniques. In addition to typical fibrils abundantly found at the equilibrium phase, this analysis revealed the existence of a noticeable nonfibrillar fraction where α-synuclein was present as protofilaments, small oligomers, and large oligomeric species. The aggregated α-synuclein samples were separated into soluble and insoluble fractions by ultracentrifugation and subjected to structural and morphological characterization. Attenuated total reflectance Fourier transform infrared spectroscopic analysis showed that the insoluble α-synuclein fractions possessed a high content of ordered β-structure, whereas the β-structure content of the supernatant pool populated by oligomeric species was noticeably lower. This study provides evidence that chemically distinct agrochemicals can directly interact with α-synuclein to induce structural changes and affect the fibrillation process of this important protein.
Introduction
A growing body of evidence suggests that various environmental toxins might represent potential risk factors promoting the development of the idiopathic forms of Parkinson's disease (PD). This has resulted in a new line of scientific research aimed at identifying these environmental factors, with major focus on agrochemicals, which often play a major role in triggering neurodegenerative conditions. 1,2 A positive association between agrochemical exposure and PD has been established. [3] [4] [5] [6] [7] [8] [9] [10] [11] Clinical, epidemiological, and basic research has noted that rural living, well-water drinking, farming, agriculture-related occupations, and direct pesticide exposure increase the risk of PD in individuals over the age of 50 years to about 7% compared with 1% in the general population. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Although the environmental toxic exposure was linked to higher incidences of PD, the precise molecular mechanisms of the toxin-induced neurodegeneration are not clear as of yet, and different hypotheses have been put forth to describe how these environmental factors can trigger the development of idiopathic PD. It is proposed that toxicant exposure might result in induced neuronal cell damage, which over time would trigger PD. 1, 2, 23, 24 Cell damage after exposure to toxic chemicals might result from the inhibition of complex I in the mitochondria, an event commonly leading to oxidative stress. 12, 25 Oxidative stress, being triggered by reactive oxygen species production, might cause selective neurodegenerative events. 12, [24] [25] [26] Furthermore, the direct interactions of α-synuclein with agrochemicals were proposed to serve as one of the main events that ultimately lead to idiopathic forms of PD. 7, 13, 22 The direct interactions of α-synuclein and agrochemicals resulting in protein misfolding, aggregation, and fibril formation have been demonstrated mostly through in vitro studies. Therefore, in vitro agrochemical screening represents a useful tool for identifying potential neurotoxic compounds. Furthermore, this type of research provides data for proposing mechanistic models of toxicant-induced misfolding events taking place at the molecular level. Likewise, in vitro studies provide information for future development of suitable animal models, which could be used for subsequent neurotoxic investigations. Therefore, such in vitro studies broaden scientific research and can be used to complement different lines of invstigation towards better understanding of PD etiology.
In this study, an array of chemically distinct agrochemicals, including various pesticides, herbicides, and fungicides (see Table 1 ), was screened to assess their direct interaction with α-synuclein and their effect on the fibrillation kinetics of this protein. First, an initial set of agrochemicals was screened at fixed concentrations to establish their direct interaction with α-synuclein. Subsequently, a subgroup of these chemicals was further scrutinized in a concentration-dependent fashion to assess their effects on α-synuclein misfolding, aggregation, and fibrillation. A combination of well established techniques, such as thioflavine T (ThT) in vitro fluorescence assay, transmission electron microscopy (TEM), atomic force microscopy (AFM), circular dichroism (CD) spectroscopy, and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, was applied to provide insight into the effect of the various chemicals on the α-synuclein fibrillation process.
Materials and methods Materials
ThT was obtained from Sigma-Aldrich (St Louis, MO, USA). Pesticides of high purity grade were obtained and used without further purification (Riedel-de Haen, Aldrich Chemical Co., Milwakee, WI, USA; Sigma-Aldrich Chemical Co., St. Louis MO, USA; or Chem Service, West Chester, PA, USA). All other chemicals used were of analytical grade from Fisher Chemicals (Fairlawn, NJ, USA) and Sigma-Aldrich, St. Louis MO, USA.
Methods

Wild-type α-synuclein expression and purification
Human recombinant wild-type α-synuclein was expressed using BL21 (DE3) Escherichia coli cells transfected with pRK172/α-synuclein wild-type plasmid (an invaluable gift kindly provided by R. Jakes and M. Goedert, Medical Research Council, Cambridge, UK). α-Synuclein was expressed and purified using a modified method described previously. [27] [28] [29] Aggregation and fibrillation of α-synuclein
ThT preparation
ThT was prepared as a 1 mM stock solution in nanopure water from a nanopure Diamond water system (Barnstead International, Dubuque, IA), filtered through a 0.2 µm sterile syringe filter, (Whatman International LTD, Maidstone, England), light protected to prevent quenching, and stored at 4°C until time of use. The ThT concentration was calculated by measuring the absorbance at 420 nm and using an experimentally determined and documented molar extinction coefficient value of 24,420 (M −1 cm −1 ). 30, 31 Protein preparation for ThT assay Immediately before use, 2-5 mg of lyophilized α-synuclein was dissolved in freshly prepared 4°C 1 mM NaOH solution. Afterwards, the pH was adjusted to 10 ± 0.5 with 100 mM NaOH to solubilize any aggregated protein. The dissolved protein was incubated at room temperature for 10 minutes, and subsequently centrifuged for 30 minutes at 75,000 rpm in an air-driven ultracentrifuge (Beckman, Brea, CA), to isolate aggregated material. At the end of the centrifugation, the supernatant was carefully extracted. Subsequently, the pH was adjusted to 7.4 with addition of Tris-HCl buffer, pH 7.4 and 1 mM HCl. The protein purity was monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), fluorescence emission signal at 305 nm, and electrospray ionization mass spectrometry (ESI-MS), while the protein concentration was determined by measuring ultraviolet (UV) absorbance signal at 275 nm using the extinction coefficient of 0.40 mg −1 cm 2 .
Preparation of α-synuclein fibrils and aggregates α-Synuclein fibrils and aggregates were produced through α-synuclein fibrillation assays which monitored changes in the ThT fluorescence emission signal at 482 nm while exciting at 450 nm. At the beginning of the fibrillation studies, protein samples were predominantly monomeric and did not contain noticeable amounts of any oligomeric forms. 
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Effect of agrochemicals on α-synuclein set of experiments, the pesticides were added at submolar, equimolar, or in excess amounts. The pesticides were dissolved in a variety of high purity solvents, water, ethanol, acetone, and dimethylsulfoxide (DMSO) as needed, and a respective protein-solvent control assay was monitored. Samples were prepared in sufficient amounts for a minimum of three to five replicates; 120 µL aliquots were distributed in a 96-well microtiter plate (Corning Inc., Corning, NY).
Data evaluation of kinetics of fibril formation
The kinetics of α-synuclein fibril formation is described by a nucleation-dependent mechanism. This process is characterized by a sigmoidal curve defined by an initial lag phase, a period where no ThT fluorescence signal intensity change is observed. This initial phase is followed by an elongation period or growth phase, in which the ThT fluorescence signal increases as fibril elongation takes place, and ultimately a plateau is reached signaling the end of fibril formation. 11, 32 The resulting data consisted of a fluorescence signal of ThT, expressed in arbitrary units, displayed over time in hours. The data generated from each vial were used to plot the ThT fluorescence signal as a function of time, and fitted to a sigmoidal curve using Equation 1: [33] [34] [35] Y y m x y m x
Here, y-values correspond to fluorescence intensities and x-values correspond to time, m i -and m f -values correspond to the respective slope values at initial and equilibrium phases, and x o represents the time at 50% maximal fluorescence. From these parameters, the lag time is estimated as x o − 2τ, and the apparent rate constant, k app , for fibril growth is estimated as 1/τ. This expression provides an efficient method to compare the kinetics of fibrillation; however, it does not provide insightful information of the events that occur at the molecular level.
TEM TEM was used to analyze the morphology and to estimate the sizes of the fibrils and aggregates of α-synuclein. Samples for TEM analysis were prepared by extracting a 25-µL aliquot of fibrillated α-synuclein that was diluted 1:4 with double distilled (ddi) water to a final volume of 100 µL, and followed by 45 minutes centrifugation at 14,000 rpm. After centrifugation, the supernatant was carefully removed, and the precipitated sample was resuspended again to 100 µL with ddi water and centrifuged at 14,000 rpm for 45 minutes.
Next, the supernatant was carefully removed, and the final washed precipitate sample resuspended to 25 µL with ddi water. TEM samples were prepared by placing an 8-µL fibril droplet on a glow discharged 300-mesh copper grid coated with Formvar/carbon B support film (Ted Pella Inc., Redding, CA). The sample was allowed to dry for five minutes, and the excess liquid was blot-dried with filter paper by gently tapping the edge of the grid. Subsequently, fibrils were negatively stained with 2% (w/v) aqueous uranyl acetate. The copper grids were surveyed to assess overall sample morphology. TEM images of fibril and aggregates samples were obtained using a JEM-100B transmission electron microscope (JEOL, Tokyo, Japan) operating with an accelerating voltage of 80 kV. Image magnifications were taken in general at 75,000× or as specified in the text where pertinent. Images were generated with Gatan Digital Micrograph software (v3.61; Gatan Inc., Pleasanton, CA).
AFM AFM images were obtained using a PicoScan Plus microscope equipped with MAC mode (Molecular Imaging, Phoenix, AZ). To obtain images, ultra-sharp NCS16/AlBS probes (Mikro-Masch, San Jose, CA, USA) were used. AFM scanning was done with a force constant of 45 N/m and 170 kHz resonance frequency. Typical scan rates ranged from 0.5 to 1.0 lines per second. Samples for AFM analysis were prepared on freshly cleaved mica substrates by placing a 5-µL aliquot sample of 1:5 diluted fibrillated α-synuclein, with 20 mM phosphate-buffered saline at pH 7.5, and adding 5-µL of 1 M NaCl. The α-synuclein/NaCl sample on mica was held along the edge with tweezers and gently tilted several times to ensure formation of a homogeneous layer. Next, the samples were allowed to incubate from a minimum of 4 hours to overnight, followed by extensive rinsing with ddi water to remove salt and unbound protein. After rinsing, the samples were allowed to air-dry in a loosely covered Petri dish. Subsequently, AFM images were obtained as described above. Diameters of aggregates and fibril forms of α-synuclein AFM images were estimated from height measurements using PicoScan 5 (Molecular Imaging, San Diego, CA) and SPIP software (Image Metrology A/S, Hørsholm, Denmark).
FTIR measurements
To perform the ATR-FTIR analysis, hydrated thin sample films were prepared and analyzed as previously described. 36, 37 ATR-FTIR measurements were conducted to monitor structural and conformational changes at the end of the fibrillation process, or to monitor changes over the course submit your manuscript | www.dovepress.com
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of the fibrillation. Essentially, a 25 µL sample of interest (ie, monomeric, aggregated, or fibrillated) of 0.5 or 1.0 mg/mL α-synuclein was placed on a germanium trapezoidal element. The sample was gently dried with a stream of nitrogen gas. Subsequently, ATR-FTIR spectra were recorded on a Thermo-Nicolet Nexus 670 FTIR spectrometer (Thermo Scientific, West Palm Beach, FL) equipped with a MCT (mercury cadmium telluride) detector and an out-of-compartment 72 mm × 10 mm × 6 mm, 45° germanium trapezoidal internal reflectance element. The resulting 1024 interferograms from 1700 to 1600 cm −1 were co-added at 1 cm −1 resolution. Data analysis was conducted using GRAMS32 (Galactic Industries, Thermo Scientific) and SigmaPlot ® (Systat Software, Inc) software. Secondary structural changes were assessed by comparing ATR-FTIR spectral signals of the different α-synuclein species.
CD measurements α-Synuclein secondary structure propensity was analyzed by CD spectroscopy in the far-UV region. CD studies were conducted in the presence of pesticides to assess interactions of pesticides with protein and to monitor structural changes induced in protein by these interactions. To conduct these experiments, 1.0 and 0.5 mg/mL α-synuclein samples were titrated with pesticide, and spectral properties of the reaction mixture were monitored after 10 minutes incubation using the 0.2 mm path-length cell. Averages of four scans were obtained at 1 nm step increments at 1.5 nm band width and 8 seconds integration time.
Results
α-Synuclein expression and purification
α-Synuclein was expressed and purified using a modified method described previously. [27] [28] [29] In summary, the estimated purity of α-synuclein was greater than 95% as determined by SDS-PAGE. A molecular mass of 14,458 ± 2 Da was obtained for the purified protein by mass spectroscopy, which was consistent with the theoretical molecular mass of α-synuclein (14, 460 Da) . The far-UV CD spectrum of purified α-synuclein is typical of an unstructured, random, coil-like polypeptide chain, which is consistent with the natively unfolded nature of α-synuclein under physiologic conditions in vitro. 38 Since the wild-type α-synuclein does not contain tryptophans, its fluorescence emission spectrum is typical of a tyrosine-containing protein. Based on all these criteria, the purified materials contained homogeneous and pure protein samples suitable for structural and aggregation analysis in vitro.
Kinetics of α-synuclein fibril formation in the presence of pesticides
Earlier studies revealed that α-synuclein might interact with agrochemicals in vitro, resulting in protein misfolding, aggregation, and fibril formation. 1, 8, 11, 13, 23, 24, 39 The objective of our study was to further strengthen the epidemiological and clinical evidence that linked pesticide exposure with increased incidence of PD as a result of direct interaction of pesticides with α-synuclein. [40] [41] [42] [43] To this end, the effects of various agrochemicals on the fibrillation kinetics of wildtype α-synuclein were monitored using the characteristic changes in the fluorescence properties of the histological dye ThT. Table 1 lists various agrochemicals analyzed in our study and shows that the compounds can be grouped into herbicides, fungicides, synthetic pesticides, and botanic pesticides. The changes in the ThT florescence intensity have been widely used to monitor the fibril formation by various proteins because of its characteristic enhancement induced by the binding of the dye to the fibrils. [44] [45] [46] Figure 1 shows the time-dependent changes in the ThT fluorescence intensity induced by incubation of α-synuclein (35 µM) at pH 7.5 and 37°C in the absence or presence of illustrative agrochemicals, kepone, captan, paraquat, ziram, dichlorodiphenyldichloroethylene (DDE), and rotenone. Table 2 represents the results of these studies for all the compounds analyzed and clearly shows that these compounds affected the fibrillation of α-synuclein in different ways. Many of them accelerated the rate of fibril formation under the experimental conditions in a concentration-dependent manner. Among the most efficient accelerators of α-synuclein fibrillation were the pesticides, dichlorodiphenyltrichloroethane (DDT), kepone, and rotenone, as well as the herbicides, diuron, paraquat, and trifluralin ( Table 2 ). The fibrillation-accelerating effects of rotenone are noteworthy because this pesticide is known to induce major PD symptoms in rats, and earlier molecular studies have demonstrated that rotenone disrupts complex I in mitochondrial respiration. 8, 10 Table 2 also shows that the majority of pesticides tested accelerated the rate of fibrillation. These results are in agreement with previous findings, in which the accelerated α-synuclein fibril formation was induced by addition of several common pesticides. 1, 13, 23, 24 The exceptions are the fungicides maneb and captan, the addition of which produced delayed fibril formation ( Table 2) . Another interesting observation is that the addition of the agrochemicals mostly affected the lag-time duration, whereas the fibril elongation rate was mostly unaffected by the presence of the compounds ( 
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Effect of agrochemicals on α-synuclein The effects observed for the fungicide maneb are particularly interesting and consistent with previously published work. 10, 47 Although the effects of maneb are not as profound as those of DDT, rotenone, or trifluralin, the neurotoxicity of maneb is enhanced when present in combination with other chemicals in the reaction mixture. It has been established that maneb acts synergistically in the presence of paraquat in mouse models, and the end result was characterized by altered motor activity, damage to nigral cell bodies, and striatal terminals. 32, 47 This synergistic behavior is crucial because individuals subject to pesticide exposure are likely to be exposed to a combination of toxicants through their daily occupational activities. Therefore, the synergistic interaction of pesticides must be considered when studying the role environmental toxins play in idiopathic forms of PD. Furthermore, agricultural workers can come into contact with a particular pesticide at any given time, but as seasons change, different pesticides are used. The net result is an overlap and exposure to a complex mixture of pesticides, herbicides, and fumigants which together exert similar effects to those observed in laboratory studies.
The fibrillation modulating effects of the agrochemicals were further investigated by varying their concentrations in the presence of fixed amounts of α-synuclein (35 µM or 70 µM). Figure 2 shows that all three classes of agrochemicals, pesticides (DDT, DDE, and kepone), herbicides (paraquat and trifluralin), and fungicide (captan), affected the efficiency of α-synuclein fibrillation in a concentration-dependent manner. With the exception of captan, the fibrillation lag-time decreased with an increase in the chemical concentration; increase in captan concentration resulted in a progressive increase of the lag-time.
We also established that in the presence of some of the agrochemicals, α-synuclein fibrillation displayed a complex pattern, suggesting that at early fibrillation steps, some prefibrillar species are formed that are able to bind ThT. This was evidenced by the sequential ThT fluorescence signal enhancement, where the initial fluorescence increase was followed by a second signal enhancement phase (data not shown).
The final ThT fluorescence intensity was different for the fibrils formed in the presence of different pesticides. A possible explanation is that the ThT signal intensity is proportional to the amount of fibrils present. However, this is not always the case, and the ThT fluorescence signal can also be affected by the binding of ThT to partially folded intermediate species 
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Silva et al and/or the binding to oligomer forms. 48, 49 Furthermore, the ThT fluorescence intensity can be affected by the presence of compounds that act as competitors or alter the ThT binding to fibrils. Finally, compounds can quench or interfere in some other way with the ThT fluorescence signal. 48 Morphology of the α-synuclein fibrils and aggregates TEM and AFM were used to analyze the morphologies of the α-synuclein fibrils and other aggregated species formed in the presence of the different agrochemicals. The results of this analysis are shown in Figures 3 and 4 , respectively. In general, the analysis revealed a good correlation between the ThT fluorescence intensity and the amount of fibrils detectable in the corresponding TEM images. TEM micrograph analysis showed the presence of nonbranched fibrils, with dimensions on average of ∼15-25 nm wide with regular twisting pitch of ∼60 nm (shown by arrows in some TEM images, see Figure 3 ). Figure 3 shows that fibrils formed in the presence of different agrochemicals were characterized by the different morphology (ie, straight, curved, short, long, clumped, nonclumped, thick, thin). It is tempting to propose that because the morphology of fibrils was dependent on the incubation conditions, the fibrils may be formed via different pathways and the choice of a given fibrillation pathway could be determined by the environmental peculiarities. However, this conclusion is not based on the systematic morphological analysis of fibrils formed under different conditions, and more detailed and comprehensive analysis is needed. Figure 4 represents AFM micrographs of α-synuclein aggregates formed in the absence or presence of various agrochemicals mostly prior to fibril formation (except for kepone). Figure 4 clearly shows that different agrochemicals stabilize 
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Effect of agrochemicals on α-synuclein different prefibrillar aggregates. AFM micrographs showed a large population consisting of small and large oligomers with a smaller sample of fibrils present. The fibril widths were estimated to be in the range of ∼15-30 nm. Two types of oligomers were found, with heights of ∼3-6 nm for the smaller oligomers (mostly found in the control experiments), and heights of ∼15-30 nm for the larger ones (detected in the presence of agrochemicals). Interestingly, Figure 5 shows that different kepone concentrations induced morphologically distinct aggregated species of α-synuclein.
Pesticides induce structural changes in α-synuclein
Taking into account that fibril formation was modulated by the presence of various agrochemicals, and because the majority of agrochemicals affected the lag-time duration, we assumed that these compounds could also affect the α-synuclein structure. Therefore, the ATR-FTIR and far-UV CD analyses were used to qualitatively assess structural changes induced in α-synuclein in the presence of pesticides ( Figures 6 and 7) . To this end, samples at the end of the fibrillation process were subjected to ultracentrifugation to separate soluble and insoluble fractions. As previously stated, at physiologic pH, monomeric α-synuclein possesses properties characteristic of a natively unfolded protein. In FTIR, this is reflected in a characteristic broad, featureless amide I spectrum centered at 1650 cm −1 (data not shown). The fibrillar form of this protein (as well as all other proteins studied so far) is known to be characterized by a dramatic increase in the β-sheet structure, 38 which is reflected in the appearance of a new band at ∼1626 cm −1 (see Figure 6 ). As expected, in the ATR-FTIR spectroscopic analysis, fibrillar samples obtained as pellets after the ultracentrifugation of the reaction mixture at the end of the fibrillation process showed a major β-sheet contribution ( Figure 6A ). The analysis of the supernatant samples demonstrated that the soluble aggregated forms of α-synuclein were also characterized by the presence of some ordered β-structure character. Figure 6 shows that the amount of ordered secondary structure in both the soluble and insoluble fractions of the fibrillated control sample depended on the protein concentration, with more β-structure being formed at higher α-synuclein content. In the presence of agrochemicals, the insoluble fractions of the 35 µM α-synuclein fibrillation mixture were characterized by β-structure, content of which varied over a wide range, from the levels comparable to (or slightly less than) the β-sheet content in the 35 µM control to the levels approaching the β-structure content in the 70 µM control. Another important observation is that all the agrochemical studied were able to induce more ordered secondary structure in the soluble fraction of α-synuclein. In fact, if the FTIR spectra of the soluble fractions of the 35 and 70 µM controls were relatively similar to each other and close to the spectrum of the natively unfolded protein (see Figure 6B) , than the addition of agrochemicals stabilized a new conformation with enhanced levels of ordered structure. The amount of β-structure varied from compound to compound indicating that some agrochemicals were able to induce structural changes more efficiently than others. Figure 7 illustrates the effect of different DDT concentrations on the far-UV CD spectra of α-synuclein. Because these measurements were done after only 10 minutes of protein incubation with the pesticide, this figure characterizes structural changes induced in the protein by DDT at the Figure 7 shows that the transition of the natively unfolded α-synuclein to a more ordered conformation is dependent on the DDT concentration.
Although the detected far-UV CD changes were small, they were consistent with the transition of α-synuclein to a more ordered conformation, likely to a pre-molten globulelike state, which in previous studies was shown to be a crucial amyloidogenic species of this protein. 38 
Discussion
This study examined the effects of a number of commonly used agrochemicals (insecticides, herbicides, and fungicides) on α-synuclein structure and aggregation. Despite their chemical differences, the agrochemical-α-synuclein interaction typically accelerated the aggregation and fibrillation of α-synuclein. In fact, the kinetic ThT fluorescence assay showed that almost all the agrochemicals tested accelerated the fibrillation process. ATR-FTIR analysis of the precipitated material at the end of the fibrillation process showed that α-synuclein contained high β-structure content, consistent with the formation of amyloid-like fibrils characterized by the cross-β structure. However, a noticeable fraction of the α-synuclein remained in the nonfibrillar form, as demonstrated by ATR-FTIR and AFM analyses of misfolding in α-synuclein. The misfolded α-synuclein is known have an enhanced propensity to aggregate. 38, 50, 51 Morphologies of the α-synuclein species at the end of the fibrillation process were analyzed by TEM and AFM. The results of this analysis showed the presence of long, welldefined unbranched fibrils, protofibrils, a number of small 
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and large oligomers, and some amorphous aggregates. The results of the TEM and AFM analyses were generally consistent with the ATR-FTIR results. This suggests that in the presence of agrochemicals, the aggregated species, various oligomers, protofibrils, fibrils, and amorphous aggregates, coexist at the equilibrium phase.
Regardless of the chemical properties and mode of action, the agrochemicals used in this study mostly accelerated the fibrillation process of α-synuclein. One common property among the pesticides tested is their hydrophobicity. The information on the hydrophobicity of agrochemicals was extracted from the United States National Library of Medicine-TOXNET hazardous substance data bank (http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB). The caveat of this analysis is the lack of specific reporting standards for chemicals. In determining the effect of various agrochemicals on the α-synuclein fibrillation process, the octanol-water partition coefficient was used as the measure of the compound hydrophobicity. The number of halogen atoms and the number of aromatic rings in a given agrochemical were additional properties considered in looking for a correlation between the compound's chemical structure and its effects on the fibrillation process. The results of this analysis are represented in Table 2 and Figure 8 . Figure 8 shows a plot of the the ratio of the lag time of α-synuclein in the presence of the agrochemical to the lag time of the control α-synuclein lag-time values as a function of the compound hydrophobicity measured as log K ow (where K ow is the octanol-water partition coefficient). Figure 8 illustrates that more hydrophobic agrochemicals were typically more effective accelerators of the α-synuclein fibrillation. This finding may have important pathological implications. It is known that hydrophobic agrochemicals may impart neurotoxicity in vivo by crossing the blood-brain barrier and by effective accumulation in the brain. 52 We propose that such hydrophobic agrochemicals, when accumulated in the brain, might efficiently interact with α-synuclein, induce misfolding and fibrillation of this protein in vivo, and therefore promote neurodegeneration via the protein misfolding/ aggregation pathway.
While Figure 8 indicates a general trend based on the compounds' hydrophobicity, some hydrophilic agrochemicals may also accelerate the fibrillation of α-synuclein. This is illustrated by paraquat, a herbicide commonly used as a watersoluble salt preparation with a log K ow value of −4.22 (Table 2) . Although water-soluble, this agrochemical efficiently accelerated the α-synuclein fibrillation process in vitro. Paraquat is known to impart neurotoxicity mostly by altering complex 
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Effect of agrochemicals on α-synuclein I in the mitochondria of dopamine-producing neurons. 11, 25 Paraquat was reported to utilize an active transport mechanism, being able to cross the blood-brain barrier and accumulate in the brain by the means of a specific carrier. 52 As a result, paraquat slowly accumulates to significant levels in specific regions of the brain. 53 Once in the brain, neurotoxicity results from the paraquat, inducing the production of free oxygen radicals, which eventually cause cell damage. We suggest that in addition to all the abovementioned neurotoxic mechanisms, paraquat can directly interact with α-synuclein in the brain and promote its aggregation. Further analysis of the chemical properties of the agrochemicals showed a trend associated with the number of halogen atoms and the number of aromatic rings present in a given compound. Generally, the duration of the fibrillation lag-phase decreased with an increase in the number of halogen atoms and aromatic rings. While our study represents a limited pool sample, a definite trend was established providing evidence that further investigation of the effect of agrochemicals on the α-synuclein misfolding and fibrillation is warranted. 
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